The use of IS6110 as a marker for molecular epidemiological studies is limited when a Mycobacterium tuberculosis isolate has five or fewer copies of IS6110. Restriction fragment length polymorphism analysis with a highly polymorphic GC-rich repetitive sequence located in the plasmid pTBN12 (PGRS RFLP) and spoligotyping (based on the polymorphism of the DR region) are two frequently used secondary typing methods. The aim of this study was to compare the performance of these two methods in a population-based study in San Francisco. We included all patients with culture-positive tuberculosis from 1999 to 2007 with IS6110 RFLP results presenting five or fewer bands. PGRS RFLP and spoligotyping were performed using standardized methods. We determined the concordance between the two methods regarding cluster status and the risk factors for an isolate to be in a cluster with each of the methods. Our data indicate that both methods had similar discriminatory power and that the risk factors associated with clustering by either method were the same. Although the cluster/unique status was concordant in 84% of the isolates, patients were clustered differently depending on the method. Therefore, the methods are not interchangeable, and the same method should be used for longitudinal studies.
Genotyping of Mycobacterium tuberculosis together with conventional epidemiologic investigations is used to elucidate the dynamics of tuberculosis transmission in populations (8, 18) . Restriction fragment length polymorphism analysis (RFLP) of insertion sequence 6110 (IS6110) is the most frequently used and best-validated genotyping method (28) . Most isolates of M. tuberculosis contain between 0 and 25 copies of IS6110 (19) . Polymorphisms of IS6110 are based on the variation in the number of copies and the molecular weights of the fragments in which IS6110 is located, as determined by Southern blot hybridization. In population-based studies, isolates that share the same IS6110 RFLP pattern are considered to be clustered and are assumed to be epidemiologically linked (that is, to be part of a chain of recent transmission), although the link may be indirect and remote in time (9, 14, 24, 25) . In contrast, cases with isolates having IS6110 RFLP patterns not shared by other isolates within the population are considered to have resulted from reactivation of latent infection, presumably acquired either outside the population or prior to the initiation of genotyping.
IS6110 RFLP has been used to confirm suspected transmis-sion links and to identify previously unidentified links (9, 10, 17, 20, 27) . The usefulness of IS6110 RFLP in this regard depends on the ability of the method to discriminate among strains of M. tuberculosis. However, it has been demonstrated that there is a significantly higher rate of clustering and a lower proportion of patients with confirmed epidemiological links among isolates with five or fewer copies of IS6110, suggesting lower discriminatory power (6, 22, 29) . Additionally, the transposition rate of the IS6110 element has been shown to be lower in M. tuberculosis isolates with a low number of IS6110 copies than in other isolates, thereby limiting the discriminatory capacity of IS6110 RFLP (6) . For this reason, a secondary typing method, such as RFLP using the polymorphic guanine-cytosine-rich sequence (PGRS), is generally used to increase the discriminatory power of the IS6110 RFLP in isolates with five or fewer bands (22) . PGRS is a highly polymorphic GC-rich repetitive sequence located in the plasmid pTBN12 (6) . The PGRS method is also based on the RFLP technique. Compared with IS6110 RFLP, PGRS RFLP produces many more bands with different intensities, complicating its reading. Another secondary typing method is spacer oligonucleotide genotyping (spoligotyping), which is a PCR-based genotyping method (15) based on the polymorphism of a single direct repeat (DR) locus. It is relatively simple to perform spoligotyping and to analyze and share spoligotyping data, especially compared to PGRS RFLP data. Spoligotyping has been widely used for primary and secondary typing (1) and strain identifi-cation, and there is a large pattern database with worldwide information (3). However, it has limited discriminatory power, especially in some lineages of M. tuberculosis (18) .
In this paper, we compare the performance of PGRS RFLP with spoligotyping for secondary typing of M. tuberculosis isolates with five or fewer IS6110 bands to examine the community epidemiology of tuberculosis in a population-based study. We analyze the implications of the results from each of the methods at the public health level and at the individual patient level.
MATERIALS AND METHODS
We used a population-based collection of M. tuberculosis DNA from an ongoing study that has been conducted in San Francisco since 1991. We included isolates from patients with culture-positive tuberculosis from 1999 to 2007. All isolates included had five or fewer IS6110 bands and had PGRS RFLP and spoligotyping results available.
The RFLP using IS6110 and PGRS was performed according to standardized methods (22, 28) . The RFLP patterns were scanned using Advanced Quantifier (AQ) for Windows (P/N 200100; Bio Image Systems, Inc., Jackson, MI). The band assignment was reviewed by two independent readers and the cluster designation was confirmed visually.
Spoligotyping of M. tuberculosis isolated between 1999 and 2004 was performed with standardized methods (15) using a membrane with 43 oligonucleotides representing the different direct variable repeats (DVRs) immobilized in specific locations (Ocimum Biosolutions, Inc., Gaithersburg, MD). Beginning in 2004, spoligotyping of the isolates was performed by the Microbial Diseases Laboratory, California Department of Public Health, as part of the Tuberculosis Genotyping Program of the Centers for Disease Control and Prevention (CDC) (5) . The same 43 DVRs were interrogated using Luminex technology for detection (7) .
Definitions. Isolates clustered by IS6110/PGRS typing (i.e., by IS6110 and PGRS RFLP patterns) are defined as two or more isolates with an identical genotype (same number of bands and less than 3% band size difference for each band in the IS6110 and PGRS RFLP patterns) from separate patients within a 1-year period prior to the date the second specimen was collected. For each cluster, the initial case was operationally considered to be the source case and not considered to be the result of recent transmission and rapid progression (within the 1-year window) to active tuberculosis. All other cases in the cluster were considered to be secondary to the initial case.
Isolates clustered by IS6110/spoligotyping (i.e., IS6110 RFLP pattern and spoligotype) are defined similarly to the previous term, but the isolates have an identical IS6110 RFLP pattern and an identical spoligotype identified within the 1-year window.
Analysis. We used a chi square test to determine the risk factors for an isolate (patient) to be in a cluster as determined by each of the two methods. We used McNemar's test for paired data to determine if, among those patients with risk factors known to be associated with clustering, clustering was more likely by one method or the other.
RESULTS
Between 1999 and 2007, there were 1,011 clinical isolates of M. tuberculosis with IS6110 RFLP results available. Of these, 192 (18.9%) had five or fewer IS6110 bands; 180 (90.1%) of these had PGRS RFLP determination, and the spoligotype was available for 170 (94.4%). The isolates from 1999 (n ϭ 26) were used as a reference for the cluster designation (see the definitions above), leaving 144 isolates to provide the comparison between PGRS RFLP pattern and spoligotyping as secondary typing methods.
Based on only IS6110 RFLP pattern, there was a total of 96 secondary cases from 10 different clusters. The number of secondary cases per cluster varied from 1 to 60. When IS6110 and PGRS typing were used, the number of total secondary cases decreased to 47, and they were distributed in 10 different clusters. The number of secondary cases per cluster also decreased, ranging from 1 to 24 cases. There were 56 total secondary cases according to IS6110/spoligotyping, and these were distributed in 13 different clusters. The number of secondary cases per cluster varied from 1 to 15.
For 121 (84%) of the 144 isolates, the cluster/unique status was concordant, and for 23 (16%) isolates, there was disagreement between the two methods (Table 1) (Mc-Nemar's test, P ϭ 0.09). When the clustered cases were analyzed by IS6110/PGRS typing, only 10 secondary cases from five clusters were also considered secondary cases by IS6110/spoligotyping. When clustered cases were analyzed by IS6110/spoligotyping, only 4 secondary cases from two clusters were also considered secondary cases by IS6110/ PGRS typing. Stated differently, although the cluster/unique status of the isolates was concordant in 84% of the cases, the patients were clustered with different patients depending on the method.
Both genotyping methods identified the same risk factors for being in a cluster, based on bivariate analysis (Table 2) .
To determine whether any of the risk factors associated with clustering in Table 2 were more likely to be identified by one method or the other, we first stratified the data by the presence of a risk factor and then tested the resulting 2 ϫ 2 table by McNemar's test for paired data (Table 3) . We found that the number of isolates clustered by IS6110/PGRS typing and unique by IS6110/spoligotyping was not statistically different from the number of strains that were unique by IS6110/PGRS genotyping and clustered by IS6110/spoligotyping. This may be due to the lack of power to detect differences because of the low number of discordant cases. Taken together, the results from Tables 2 and 3 suggest that both methods will result in the same risk factors associated with clustering. 
DISCUSSION
The results of this study indicate that a secondary typing method applied to isolates of M. tuberculosis having five or fewer IS6110 hybridizing bands improves the discriminatory power of IS6110 RFLP. However, although there were concordant results between the two methods for 84% of the isolates overall (85.1% concordance for clustered isolates and 83.5% concordance for unique isolates), IS6110/spoligotyping identified more isolates in clusters (secondary cases) and more clusters than IS6110/PGRS typing. Unfortunately, there is no way to determine which of these results is "correct" because there is no "gold standard" method against which to compare these two methods. Adding more genotyping methods will increase the discriminatory power (fewer clustered cases) but will not necessarily establish which combination of methods is the "correct combination." In fact, when we analyzed isolates clustered by IS6110/PGRS typing but not by IS6110/spoligotyping with mycobacterial interspersed repetitive unit (MIRU) genotyping data (n ϭ 18) (26), we found that in all cases, the MIRU genotyping result was in agreement with the IS6110/ PGRS typing result. When we analyzed isolates clustered by IS6110/spoligotyping but not by IS6110/PGRS typing with MIRU genotyping data (n ϭ 7), we found that in all cases the MIRU information was in agreement with IS6110/spoligotyping data. Although the MIRU data were available for a small sample, these results exemplify the complexity of the interpretation of the genotyping data.
Our results confirmed the findings by Yang et al., who found that IS6110/PGRS typing was more discriminative (fewer clustered cases) than IS6110/spoligotyping (32) . However, the published study did not include either information about the risk factors for clustering or data about patients being clustered with the same patient depending on the method.
Fortunately, because in most population-based studies the proportion of cases with isolates that have five or fewer copies of IS6110 is low, the impact of these cases in the study of the overall transmission of tuberculosis in a community will be low. For example, in San Francisco, the proportion of cases with five or fewer copies of IS6110 is less than 20%, and the analysis of risk factors for tuberculosis due to recent transmission is not affected by the inclusion of these cases (22) .
The results from this study should be considered from two perspectives. The first is related to the use of these markers in population-based studies to describe the community pathogenesis of tuberculosis (tuberculosis resulting mainly from reactivation of latent infection or as a result of recent transmission with rapid progression to active tuberculosis) and to identify risk factors for acquiring infection with rapid progression, as determined by clustered isolates (secondary cases) and the features of the secondary cases (2, 12, 13, 21, 24) . Our study demonstrated that IS6110/spoligotyping and IS6110/PGRS genotyping identified roughly similar proportions of clustered (secondary) cases as well as the same risk factors for clustering.
The second perspective is related to the individual patient with tuberculosis. We demonstrated that although 84% of the isolates had concordant results, the presumed secondary cases resulting from the index case were different, depending on the genotyping method used. Although being in a different cluster will not affect the management of the patient (i.e., patients with risk factors for being in a cluster will always be considered priority for contact investigation) (4), it may have an impact on the contact investigation procedure, as public health personnel may use the genotyping data to inform the direction and intensity of the contact investigation to search for epidemiological links and to find other contacts that may be infected or have active tuberculosis.
The inconsistent results obtained by these two secondary methods may be due in part to the different molecular clocks of the PGRS elements and the DR region from which different genetic polymorphisms originate. The DR region evolves mainly by IS6110-mediated mutation, homologous recombination between repeat sequences that leads to deletion of DVRs, strand slippage that leads to duplication of DVRs, and point mutation (30) . In isolates with low IS6110 copy numbers, the DR region evolves mainly by homologous recombination (11) . It has been estimated that the rate of change of the DR region is lower than that of IS6110, but the rate will be different depending on the genetic background of the strain (i.e., the strain family) (30) . In San Francisco, most isolates with five or fewer copies of IS6110 bands are strains from the Euro-American lineage, which is known to have sufficient spoligotyping polymorphism to be discriminatory (L. Flores et al., personal communication). The evolution of PGRS-containing regions includes duplication, recombination, and strand slippage (16) ; however, these mutations rarely induce changes that can be observed in RFLP using PGRS elements (23, 31) . As with spoligotyping, it has been estimated that the rate of change of PGRS is lower than that of IS6110 (23, 31). As noted before, the main limitation of this study is the lack of a gold standard. Therefore, we cannot determine which of the two genotyping combinations (IS6110/PGRS typing versus IS6110/spoligotyping) is better for identifying secondary cases.
However, the discriminatory powers of the two methods are similar in our population, and therefore, the methods are comparable for making inferences in a population-based study. The differences we found do, however, indicate that the methods are not interchangeable and that for longitudinal studies, one method or the other should be used consistently.
